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ABSTRACT

Exon splicing enhancers (ESEs) overlap with amino
acid coding sequences implying a dual evolutionary
selective pressure. In this study, we map ESEs in the
placental alkaline phosphatase gene (ALPP), absent
in the corresponding exon of the ancestral tissue-
non-specific alkaline phosphatase gene (ALPL). The
ESEs are associated with amino acid differences
between the transcripts in an area otherwise con-
served. We switched out the ALPP ESEs sequences
with the sequence from the related ALPL, introduc-
ing the associated amino acid changes. The result-
ing enzymes, produced by cDNA expression, showed
different kinetic characteristics than ALPL and ALPP.
In the organism, this enzyme will never be subjected
to selection because gene splicing analysis shows
exon skipping due to loss of the ESE. Our data prove
that ESEs restrict the evolution of enzymatic activ-
ity. Thus, suboptimal proteins may exist in scenarios
when coding nucleotide changes and consequent
amino acid variation cannot be reconciled with the
splicing function.

INTRODUCTION

The rate of protein evolution is traditionally closely linked
to the density of protein functional domains (1). How-
ever, recent studies highlight the contribution of a myr-
iad of different factors (2). Amongst these, precursor mes-
senger RNA (Pre-mRNA) processing has acquired a role
in natural selection (3). This is because the pre-mRNA is
now known to harbour important signals for it’s process-
ing within the regions containing the coding information.

The main recognition sequences (cis-acting elements) dur-
ing the splicing process are: (i) the splice sites that define
the exon/intron boundaries, and (ii) the auxiliary splicing
regulatory sequences that direct the splicing process. These
latter sequences are known according to their location and
function as exon splicing enhancers and silencers (ESEs and
ESSs, respectively) and intron splicing enhancers and si-
lencers (ISE and ISS, respectively) (4).

Although originally discovered in alternative spliced ex-
ons (5), ESEs are now thought to be almost universally
present. Indeed, the use of four computationally selected
sets of ESE detectors identify potential ESEs in >89% of
the exons tested (6). The frequent presence of these ele-
ments and their overlapping with coding information raise
intriguing implications regarding their roles during evolu-
tion. Hypothetically, a non-synonymous nucleotide substi-
tution in the mRNA producing a better performing pro-
tein, simultaneously may disrupt an ESE and in this way
prevent the correct processing of the exon, ultimately dis-
rupting the production of functional protein (7). Several
studies have indeed attested the occurrence of a purifying
selection against substitutions in ESEs. A series of hex-
anucleotide sequences known as RESCUE-ESE, identi-
fied as candidate ESEs through computational analysis (8),
showed an inverse correlation with single-nucleotide poly-
morphism (SNP) density in exons, and an increased oc-
currence in vicinity of exon boundaries (9–12). The need
for the preservation of these cis-acting sequences for cor-
rect exon processing is also evidenced by the finding that
at the exon boundaries the synonymous codons are those
found with higher propensity in ESEs (13). More gener-
ally, a comparative genomics study between human, chim-
panzee and macaque has shown a strong tendency for pre-
serving splicing-promoting sequences and a positive selec-
tion for their formation (14). All the above computational
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studies are in accordance with in-depth mutational analy-
sis studies demonstrating that synonymous changes could
not evolve freely without potentially compromising proper
splicing (15–17).

We hypothesize that the evolutionary constraints ensur-
ing the correct splicing of the Pre-mRNA may be of such
extent to even impinge on protein function. In this study,
we test this hypothesis experimentally, identifying a sce-
nario where such constraint may have occurred in the hu-
man genome during gene duplication.

MATERIALS AND METHODS

Construction of minigenes and expression plasmids

Three exon two intron minigenes were created as previously
described using the pcDNA 3.1 plasmid as a backbone (In-
vitrogen) (15). Minigenes for ALPP extended from exons
3–5 whereas minigenes for ALPL extended from exons 4–
6. Subsequent mutagenesis of the minigenes was performed
standard polymerase chain reaction (PCR) mutagenesis or
using a Quick-change site directed methodology (Strata-
gene).

Web server

The ESE Analyser web server (EAWS, http://bioinfo.hr/
ESE Analyzer) is based on Perl programming language and
uses both the BioPerl modules and Ensembl Perl Applica-
tion Interface to retrieve data from Ensemble (release 71,
April 2012). Pre-collected data for Interpro mode of ESE
Analyser are stored in a local MySQL database. The wrap-
pers for the various bioinformatics tools, predicting splic-
ing motifs, including the results parsers are also written in
Perl. The web server interface was implemented through
Perl CGI modules.

Prediction of exonic splicing signals

The EAWS web server integrates three approaches: (i) ES-
Efinder uses position weight matrices of SR proteins which
can be downloaded from http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi?process=matrices. The number of de-
tected putative ESEs depend on the threshold set for each
matrix, in this study at 90%. (ii) RESCUE-ESE is based on
a list of 238 candidate ESE hexamers. To detect RESCUE-
ESE hexamers, nucleotide sequences are scanned for the
presence or absence of each of them. (iii) ESS were scanned
for using the FAS-hex3 set and assigned a score based on the
log-odds of frequency in pseudoexons versus exons (18).

Splice site strength estimation

Strength of exon/intron boundaries were estimated using
GeneSplicer program.

Selection of Ensembl transcripts sharing common protein do-
mains

For each Interpro domain, the list of all genes that con-
tain that domain annotated in Pfam (19) or Smart databases
(20) was obtained from Ensembl. For each gene, the list of

transcripts together with Interpro annotations was fetched.
Only one transcript per gene was selected for the alignment
(preferentially transcript annotated in Consensus Coding
Sequence database, CCDS) (21), and only one domain in-
stance per transcript, in cases where more than one domain
repeats were present in the transcript. In that way, we ob-
tained reliable sets of paralogous sequences at both protein
and DNA levels. Those alignments are accessible by select-
ing Interpro accession number in EAWS. The alignments
can be separated into alignments of genes where the domain
is constitutively include domain in all transcripts and align-
ments of genes where the domain is alternatively spliced in
the transcripts.

Splicing assay

Plasmids carrying the minigene were transfected using Ef-
fectene (Qiagen) into HeLa cells cultured in Dulbecco’s
modified Eagle’s medium with Glutamax (Invitrogen) sup-
plemented with 10% fetal calf serum (Gibco) according
to the manufacturer’s instructions. Total RNA was ex-
tracted using TRI reagent solution (Ambion) 24 h after
transfection and treated with 1 U of RNase-free DNase
I (Roche), phenol extracted, EtOH precipitate. Reverse
transcription was performed using 1 �g of total RNA
with random primers (Promega) and M-MLV reverse
transcriptase (Invitrogen). Spliced products were ampli-
fied through PCR from the transfected minigene using
the primers T7 (5′-taatacgactcactataggg-3′) and SP6 (5′-
atttaggtgacactatagaata-3′). PCR products were analysed on
a 1.5% agarose gel. Quantification of band intensities was
performed in triplicate using the ImageJ64 software.

Expression and purification of FLAG- tagged enzymes

The expression constructs were transfected into COS-1 us-
ing the Effectene transfection reagent (Quiagen). Trans-
fected cells were cultured in OPTI-MEM serum free
medium, and conditioned media containing secreted wild-
type (WT) and mutant enzymes, were collected 48 h after
transfection. Each secreted FLAG-tagged mutant enzyme
was purified using anti-FLAG M2 monoclonal antibody
affinity column (Sigma, St Louis, MO, USA) as per the
manufacturer’s instructions.

Protein quantification and kinetic measurements

The enzyme concentration of each purified sample was de-
termined using a quantitative slot blot assay (22). Briefly,
eight 2-fold serial dilutions of FLAG-bacterial alkaline
phosphatase (BAP) standard protein (Sigma) and purified
recombinant enzymes were prepared in phosphate buffered
saline (PBS) in the blocked plates. The FLAG-BAP stan-
dard dilutions ranged from 3.5 to 225 ng. The proteins were
applied to nitrocellulose membrane through a slot blot ap-
paratus. The quantification of the proteins was then carried
out through immunoblotting with the M2 anti-FLAG an-
tibody (Sigma) in a 1.1000 dilution. Quantification of the
signal was performed with ImageJ64 Software. Standard
curves were obtained by plotting peak area versus known
concentration of FLAG-BAP and fitting the data points
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with linear regression equation. The peak areas of the seri-
ally diluted purified protein samples that fell within the de-
tection range of each respective standard curve were used to
calculate the protein concentration. The mean value of four
peaks from each protein dilution series was used per assay.
The standard curve was included in every slot.

Enzyme kinetic determinations were performed using p-
nitrophenylphosphate as a (pNPP) substrate in 1.0 M di-
ethanolamine (DEA) buffer, pH 9.8, containing 1 mM of
MgCl2 and 20 �M of ZnCl2. For each reaction 8 ng of pu-
rified recombinant protein was added to 200-�l of DEA
buffer and mixed at 37◦C for 1 min with shaking. To cal-
culate Km and Vmax, substrate concentration was varied be-
tween 0.01 and 20 mM. The formation of p-nitrophenol
was followed as a function of time for 1 h at 37◦C and the
?A405/min were calculated from the linear part of the time
curve. The reaction velocities were determined by measur-
ing the initial slopes of these lines. The initial velocity was
plotted against the different concentrations of pNPP and
fit non-linear regression to the Michaelis-Menten equation
using GraphPad Prism.

Statistical validation

The Km and Vmax values were calculated from six indepen-
dent experiments and were analysed using R-2.13.1 soft-
ware. Km and Vmax data from WT and mutants enzymes
showed normal distribution. The statistical significance was
evaluated using Student’s t-test.

Comparative genomic analysis and ancestral sequence recon-
struction

MultiZ 46-way aligned genomic region relative to the com-
plete Human ALPP gene position hg19:chr2: 233 243 348–
233 247 599 was downloaded from the UCSC Genome
Browser (23). Subsequent manipulations with the align-
ment were performed using the custom scripts and rphast
package for R 3.0.1 (24). Alignments were trimmed to exon
4 coordinates, flanking 3000 bp in either direction of the
exon and filtered to exclude species with no sequence infor-
mation in the alignment, resulting in a total of 22 aligned
vertebrate sequences. Alignment was subjected to the an-
cestral (HTU) sequence reconstruction using the fastML
server (25) with T92 substitution model and maximum like-
lihood reconstruction method. Ancestral indel threshold
was set to 0.9. Tree for reconstruction support was also
downloaded from the UCSC Genome Browser and filtered
to match sequences in the respective alignment.

Using custom R scripts, sequences from the recon-
structed alignments were further trimmed to exon 4 with
30 bp flanks, and then separately scanned for SR protein
position weight matrices (90% threshold) and RESCUE-
ESE hexamers. Splice site strengths were calculated using
the maximum entropy modelling method (26) implemented
in R. Alignment was visualized with ggplot2 (27). Phyloge-
netic tree with colour-coding of splice site strengths and SR
protein scores identical to that in the alignment was visual-
ized using the ape package in R (28).

Figure 1. Search criteria for candidate genes. Paralogous protein families
were looked for where corresponding exons between family members had
different splice site strengths. The exon with suboptimal splice sites should
be associated with the prediction of an ESE whose absence in the exon with
the strong splice sites is associated with differences in amino acid coding
in this region as depicted on top of the exon by one letter amino acid code
(in the absence of the ESE, the protein sequence reads SRCE and in the
presence SQNE). The family members should also have different kinetic
properties.

RESULTS

Identification of candidate genes

To identify possible candidate genes in which the evolution
of exon sequences might be constrained by the presence
of ESE elements, we created the computational analysis
platform––EAWS (http://bioinfo.hr/ESE Analyzer) that in-
tegrates information from several bioinformatics tools onto
an aligned set of paralogous exonic sequences. Specifically,
EAWS contains a list of all genes obtained from Ensembl
(29) that carry a specific Interpro domain annotation (30).
For each Ensembl gene harbouring a particular Interpro
domain, a representative transcript is selected and the tran-
scripts are aligned on the coding sequence to match the In-
terpro domain boundaries. In this way, we obtained reliable
sets of paralogous DNA sequences. The web server then in-
tegrates the results of computational analysis from several
splicing-related tools that predict splice site strengths as well
as presence and positions of splicing regulatory elements:
Gene Splicer that predicts the 3′ and 5′ splice site strength
(31); FAS-ESS that predicts exonic splicing silencers (18);
RESCUE-ESE (8) and ESEfinder (32) for the prediction of
ESEs.

To simplify analysis of putative sequence constraints im-
posed by splicing function, the search criteria outlined in
Figure 1 was to look at families of human paralogues with
conserved exonic organisation and measurable enzymatic
activity. The paralogous family members should have differ-
ent amino acids within or close to the active site and these
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differences in residue composition would correspond to cre-
ation or disruption of an ESE. To aid the screen success
rate in identifying authentic ESEs using the bioinformatics
tools we also searched for scenarios in which weak/strong
splice sites were associated with the presence/absence of
ESE within the same paralogous family. This point is in line
with the finding that ESEs are essential in exons with non-
consensus 3 or 5′ splice sites (33).

Several candidate genes were found to comply with our
search criteria, the region encoding the active site of the al-
kaline phosphatase (AP) genes were the most promising.
In humans, APs are encoded by four distinct loci, named
after the tissues where they are predominantly expressed
(34). The expression of placental AP (ALPP, coding for the
PLAP isozyme), the germ cell AP (ALPPL2, coding for
the GCAP isozyme) and the intestinal AP (ALPI, coding
for IAP isozyme) are tissue-specific and the proteins are
90–98% homologous, whereas the tissue-non-specific AP
(ALPL, coding for the TNAP isozyme) is approximately
50% homologous to the other three isozymes. Analysis of
the APs human transcripts using the EAWS platform (Fig-
ure 2) highlighted that the exon encoding a serine involved
in the catalytic activity of AP, in particular, the exon 4 of
the tissue-specific genes and the exon 5 of the non-tissue-
specific isoform had different 3′ splice site strengths. The
exon 4 of the tissue-specific AP genes was predicted to have
a weak 3′ splice site whereas the corresponding exon 5 of
ALPL gene was predicted to have a strong 3′ splice site. The
analysis by RESCUE-ESE and ESEfinder identified sev-
eral ESEs. For the experimental study, we selected three re-
gions with the more significant amino acid differences cor-
related to weak 3′ splice site of the exon 4 in tissue-specific
transcripts and absent in ALPL. ESEfinder highlighted two
such hypothetical ESEs, absent in the corresponding se-
quences of the ALPL exon 5 (Figure 2, boxes 1 and 3),
whereas RESCUE-ESE highlighted one (Figure 2, box 2).
The nucleotide changes that resulted in the absence of these
hypothetical ESEs in ALPL exon 5 are located in a highly
homologous region of the gene that is otherwise conserved
in the other three tissue-specific family members. It is inter-
esting to note that the analysis for potential ESS did not re-
sult in any clear association with the presence of these ESE
enforcing the possibility that the ESE and the weak 3′ splice
may be interrelated.

Validation of EAWS prediction

Because the current understanding of the structural proper-
ties of human APs come from studies of PLAP and TNAP
(35,36), we used the respective genes ALPP and ALPL
genes to validate the EAWS predictions.

The nucleotide sequences encompassing ESE 1 (Figure
2, box 1) in ALPP contained a non-synonymous difference
compared with the corresponding sequence in ALPL (Fig-
ure 3A. ESE 1 compared to seq 1). To test the prediction of
EAWS that the nucleotides coding for the amino acid at this
position, alanine 94, was a part of an ESE element in ALPP
and that the corresponding nucleotides coding for glycine in
ALPL were not, we created a 3 exon 2 intron minigene (15)
in which the central exon was the one under study (ALPP
exon 4). The triplet encoding for the amino acid difference

Figure 2. EAWS output of the active site of the human ALP family.
The figure shows the alignment of corresponding exonic and amino acid
sequences of human APs: placental AP transcript ALPP coding for the
PLAP isozyme, the germ cell AP transcript ALPPL2 coding for the GCAP
isozyme, the intestinal AP transcript ALPI coding for IAP isozyme and
the tissue non-specific AP transcript ALPL coding for the TNAP isozyme.
The numbers at the beginning of each block line indicate the amino
acid/nucleotide positions in the corresponding proteins/transcripts. Nu-
cleotides in red are predicted ESEfinder motifs, underlined nucleotides are
ESE-RESCUE motifs and nucleotides enclosed in a green box are pre-
dicted ESS motifs. The ESE areas subsequently studied are boxed (1–3).
The active serine of the catalytic domain is highlighted in orange. The exon
borders are coloured in different colours depending on the strength of the
splice site as calculated by Gene Splicer, with darker colour corresponding
to a stronger donor/acceptor.

was then altered so as to be identical to its counterpart in
ALPL exon 5 (Figure 3B, MUT 1). As the glycine imme-
diately upstream of the alanine 94 in ALPP also differs to
that in ALPP, not withstanding it was not identified as an
ESE, we also created a minigene where the nucleotides en-
coding glycine 93 were exchanged for their counterparts in
ALPL that coded for an alanine (Figure 3B, MUT 2). Anal-
ysis of the mRNA processing of these minigenes following
transfection of the constructs in HeLa cells showed that the
nucleotides associated with both the amino acid differences
between ALPP and ALPL adjacent to and within ESE 1
were part of an ESE in ALPP that was not present in ALPL
as these substitutions resulted in partial exon skipping (Fig-
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Figure 3. ESE predictions validation. (A) Schematic representation of the
central part of the WT ALPP and ALPL minigene. Amino acid and nu-
cleotide sequences of the corresponding proteins/transcripts under vali-
dation for the presence of ESE are shown above each exon. Nucleotides in
red are predicted ESE motifs and amino acids in bold are those that are
different between the two transcripts. (B) Sequence changes performed to
create the constructs MUT 1–7 on the ALPP WT minigene in the regions
of the first, second and third ESEs are highlighted with an asterisk and the
areas further emphasised in grey. The corresponding amino acid change
that this would cause is also highlighted on top of the nucleotide sequence.
(C) The splicing pattern observed after transfection of these constructs in
HeLa cells. On the right hand site of the gel a schematic representation of
the splicing product obtained can be observed. The percentage of skipping
and standard deviation (SD) are indicated below each lane and represent
the mean of three experiments. A minimal amount of cryptic intron inclu-
sion, an artefact of the minigene system is also observed.

ure 3C, compare MUT 1 and MUT 2 with WT ALPP). A
minor amount of cryptic intron inclusion, an artefact of the
minigene system was also observed in the ALPP wild-type
minigene. Concurrent substitution of both codons in ALPP
for those of ALPL (Figure 3B, MUT 3) resulted in equiva-
lent levels of exon skipping as observed with the single sub-
stitutions of the nucleotides of each codon, indicating that
these nucleotides more than likely form a single ESE ele-
ment (Figure 3C, MUT 3).

The putative ESE region 2 encloses two amino acid dif-
ferences, between ALPP and the equivalent region in ALPL
(Figure 2, box 2 and Figure 3A; ESE 2 compared with seq
2). mRNA processing of hybrid minigenes in which the nu-
cleotides for these codons were mutated into corresponding
triplets in ALPL (Figure 3B, MUT 4 and MUT 5) did not
result in any differences in splicing pattern from the wild-

type minigene indicating that these nucleotides did not code
for an ESE (Figure 3C, MUT4 and MUT5). On the other
hand, a minigene in which the nucleotides corresponding
to the third putative ESE that coded for arginine 125 (Fig-
ure 2, box 3 and Figure 3A, ESE 3 compared with seq 3)
where exchanged for those in ALPL (Figure 3B, MUT 6)
exon skipping was observed indicative that these were part
of a functional ESE element (Figure 3C, MUT 7).

To investigate if the two ESEs were acting in a synergis-
tic manner we created a minigene in which the nucleotides
identified to be coding for ESEs (Gly93 and Ala94 in ESE 1
and Arg125 in ESE 3) were exchanged for the correspond-
ing nucleotides in ALPL (Figure 3B, MUT 7). Transfection
into HeLa cells, followed by RT-RCR analysis, resulted in a
significant increase of exon skipping (79.2%) compared with
that observed when either ESE element regions were substi-
tuted for the corresponding region of ALPL, demonstrating
a cumulative effect of ESE sequences present in these two
areas (Figure 3C).

The ESEs in ALPP compensate a weak 3′ splice site

A compensatory relationship has been shown to exist be-
tween splice sites strength (agreement to splice site consen-
sus) and ESEs (37). Bearing in mind that ALPL has the
same characteristics as the ancestral copy of the gene from
which this family is derived (38) and as the predication of
the 3′ splice site strength of the ALPP exon 4 was subop-
timal compared with the ALPL exon 5 3′ splice site (Fig-
ure 2), we investigated if this sort of compensation may
have occurred in the two paralogous genes during evolution.
We therefore prepared minigenes where the 3′ splice site of
ALPP was switched for that of ALPL in the wild-type mini-
gene as well as in the ALPP minigene in which both ESE
elements previously mapped were disrupted (Figure 4A).
Analysis of the mRNA processing of these shows that this
remains unaltered compared with the wild-type minigene,
even in the absence of the two ESEs previously shown to
result in more than 70% of exon skipping (compare Figure
4A, MUT 9 to Figure 3C, MUT 7). Thus, improvement of
the 3′ splice site strength eliminates the need for ESE in this
exon. Conversely, the insertion of the ALPP 3′ splice site
into the ALPL minigene results in partial exon 5 skipping
that does not occur with the wild-type ALPL minigene, in-
dicating the need for ESEs in the presence of the suboptimal
ALPP 3′ splice site (Figure 4B).

Kinetics properties of PLAP mutants

To assess if the requirement for a functional ESE can af-
fect protein function and constrain the nature of the coded
amino acids hybrid proteins were created in which the
amino acids, coded by ESE motifs in PLAP were replaced
with those in the corresponding region of TNAP and the
protein activity analysed. The recombinant enzymes were
produced through cDNA expression and engineered to be
secreted by replacing the peptide sequence of ALPs glyco-
sylphosphatidylinositol anchoring signal with the FLAG
octapeptide (DYKDDDDK), generating secreted-tagged
enzymes upon transfection (39).
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Figure 4. Interplay of 3′ splice site strength and ESEs. (A) Schematic rep-
resentation of ESE (nucleotides in red) were predicted shown above the
exon as well as the 3′ splice site at the start of the exon. The mutants, MUT
8 and MUT 9, both have the 3′ splice site of ALPP substituted from the
stronger one of ALPL, however, in the later the first and third hypotheti-
cal ESE sequences, which were shown to be functional ESE, are mutated
in such a way as to disrupt them (mutated nucleotides are marked with
an asterisk). Lower panel, splicing pattern observed upon transfection of
these constructs in HeLa cells. (B) Schematic representation of the cen-
tral part of the WT ALPL minigene with the proteins/transcripts region
above the exon that corresponds to that of the ESE in ALPP as well as the 3′
splice site at the start of the exon. MUT 10 carried the weak 3′ splice site of
ALPP. Lower panel, splicing pattern observed upon transfection of these
constructs in HeLa cells. On the right hand site of the gels, a schematic
representation of the splicing product obtained can be observed. The per-
centage of skipping and standard deviation (SD) are indicated below each
lane and represent the mean of three experiments.

The PLAP-FLAG first ESE protein, where the amino
acids encoded within the ESE 1 region in PLAP were ex-
changed with the corresponding residues in TNAP (Gly93
> Ala and Ala94 > Gly), had a significantly lower Km (P
< 0.01) in respect to WT PLAP-FLAG. The decrease in Km
was not accompanied by any significant variation in Vmax
and consequently in kcat between the two enzymes (Table
1). Exchanging the amino acids in ESE 3 between PLAP
and TNAP (Arg125 > Gln) was found to result in a protein
with a Vmax, and consequently kcat significantly increased
with respect to WT PLAP-FLAG (P < 0.001) whereas no
significant variation in Km was observed (Table 1).

A third recombinant protein was produced, PLAP-
FLAG first/third ESE, to analyse the possible effect of all
the three amino acid differences associated with the nu-
cleotide sequence corresponding to the ESE in PLAP and
not TNAP on the enzymatic activity. The three substitu-
tions resulted in an enzyme that did not have any activity

over background levels of the assay. This is most likely due
to incompatibility of these changes with the other amino
acid variations present in the whole structure of TNAP and
PLAP.

DISCUSSION

Exonic sequences, such as exons 9 and 12 of the Cystic fibro-
sis transmembrane conductance regulator and Fibronectin
EDA have been shown to be constrained from an evolu-
tionary viewpoint by splicing requirements. This type of
constraint has been hypothesized to consequently restrict
functionally productive genome variability (16,40–42). Us-
ing the alkaline phosphatase gene (ALPP) family as a model
we have now performed a detailed analysis of the dual role
of coding sequences––amino acid coding and ESE conser-
vation specifically analysed in terms of the effect on protein
performance.

Current views of the evolutionary history of ALP pro-
pose that the ancestral gene coded for a tissue-non-specific
alkaline phosphatase and that subsequently, through a pro-
cess of gene duplication and additional mutations, the inter-
mediate intestinal gene arises from the tissue-non-specific
precursor gene (ALPL like). This gene, through different
alterations in the promoter regions of the genes (43,44), be-
came the progenitor of intestinal, germ cell and placental
genes (45). In fact, the ALPP gene represents a late evolu-
tionary event since enzymes with the properties of PLAP
(protein product of ALPP gene) were found expressed only
in placenta of chimpanzee, orangutan and human (45,46),
while in several other mammalian species PLAP and TNAP
(protein product of ALPL gene) are equivalent (34,47). The
human alkaline phosphatase paralogous gene family is thus
an example of subfunctionalisation because these genes are
expressed in different tissues still preserving the same fea-
tures of the catalytic mechanism (48), but with different en-
zymatic characteristics. These property differences may re-
flect specific in vivo functions (34). Indeed, the amino acid
variations between the tissue-specific ALPP and those in the
corresponding region of ALPL, including the Gly93, Ala94
and Arg125, may have evolved due to protein variations as-
sociated with enzyme specialisation or acquisition of novel
protein properties. An alternative hypothesis that we favour
is that they reflect an evolutionary pressure linked to spicing
restrictions. In this study, we have demonstrated that the nu-
cleotides coding for these amino acids specify for ESEs nec-
essary for the correct inclusion of the exon 4 in the mRNA
due to its weak 3′ splice site. These nucleotides are differ-
ent from those in the corresponding region of the ALPL in
a region otherwise highly conserved, where the ESEs were
shown to be absent and unnecessary due to the strong 3′
splice site of this exon. The different nucleotide sequences
in turn code for different amino acids that, we also demon-
strated, when placed into ALPL change the enzymatic char-
acteristics of the protein. The fact that these amino acids
in ALPP could not be altered to those of ALPL without
aberrant RNA splicing and negative consequences on the
inclusion of the exon suggests the existence of splicing con-
straints on protein sequence evolution. As ALPL is consid-
ered the ancestral copy of AP (38) at least two hypotheses
are possible to explain the temporal succession for the dif-
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Table 1. Kinetic parameters of wild-type and mutant TNAP and PLAP enzymes

Enzyme Km (mM) Vmax (�M s−1) Kcat (s−1) Kcat/Km (s−1 �M−1)

WT PLAP-FLAG 0.2239 ± 0.017 0,0751 ± 0,001 240.4 ± 0.001 1.073
WT TNAP-FLAG 0.4365 ± 0.051 0,1719 ± 0,005 573 ± 0.003 1.312
PLAP-FLAG first ESE
(G93A;A94G)

0.1519 ± 0.015 0,0663 ± 0,001 212.4 ± 0.001 1.398

PLAP-FLAG third ESE
(R125Q)

0.2135 ± 0.009 0,1030 ± 0,001 329.6 ± 0.002 1.543

PLAP-FLAG first ESE
(G93A;A94G)/third
ESE/(R125Q)

U U U U

Measurements were performed at pH 8.9 using pNPP as substrate in the presence of 1 mM of MgCl2 and 20 �M of ZnCl2. U, undetectable.

ferences in splicing regulatory motifs: (i) Mutations in the
exon may have led to creation of one of the ESE nucleotide
sequences and consequent variations in the amino acid se-
quence. Subsequently nucleotide changes could occur either
in the exonic region generating the second ESE or within the
3′ splice site. In the former case, it would have no effect on
splicing but the outcome would only be on protein activity.
If, on the other hand, it were to occur in the 3′ splice site
reducing its strength, with just one ESE, a partial aberrant
splicing could occur as we have shown in Figure 3, how-
ever, enough correctly spliced mRNA ensures maintenance
of the AP function. (ii) The initial mutation weakens the 3’
splice site, this case partially overlaps with the sequence ESE
creation then 3′ splice site mutation of hypothesis 1. In both
there is minimal splicing of correct mRNA ensuring protein
function (Figure 3), then optimisation of mRNA and pro-
tein production could be achieved selecting mutations that
create an ESE, the price to pay for this optimisation could
be amino acid variations that change the protein character-
istics.

To attempt to determine the temporal succession of
events that resulted in this constraint we carried out a com-
parative genomic alignment of ALPP orthologues and re-
constructed ancestral sequences on which ESE-rescue mo-
tif and 3′ splice site strength analysis were performed (Sup-
plementary Figure S1). This analysis could not discrimi-
nate conclusively between the possibilities that the ESEs ap-
peared before or after the weakening of the 3′ splice site. An
analysis of the phylogenetic relationships of the orthologues
along with reconstructed ancestral nodes, highlights that
the nodes prior to the branch leading to the hypothetical
taxonomic units carry a strong 3′ splice site and do not have
the ESE elements we characterized until the node leading
to primates (Supplementary Figure S2). Considering ALPL
is the more ancestral like of the AP family (38), we specu-
late that a mutation in the splice site occurred first, weaken-
ing the 3′ splice site, and thus exerting a selection pressure
towards stronger splicing enhancers to compensate for the
proper exon inclusion. This assumption is compatible with
our data for the ALP family as in this case we have estab-
lished that in the presence of the weak 3′ splice site some
exon inclusion is still occurring (Figures 3 and 4). This hy-
pothesis is also in line with the splicing compensation model
(14) in which selection for splicing-positive mutations takes
place to counter the effect of an ongoing splicing-negative
mutational process, with the exon as a whole being con-
served. This model paints a picture of exon evolution as a

dynamic interplay between helpful and harmful mutations
both at enzymatic function and Pre-mRNA splicing level,
continuously at work.

As ALPP is 90% homologous to the other two tissue-
specific isozymes it is tempting to hypothesize that the same
results obtained in ALPP in regards to splicing and protein
activity would occur also in ALPPL2 and ALPI, making it
possible to extend our model to a more general evolutionary
theory of splicing motifs from the tissue-non-specific ances-
tral gene to the less distant tissue-specific paralogues. In this
case, however, it is interesting to note that due to the de-
generacy of the genetic code scenarios will also exist similar
to that possibly occurring in ALPI, where the nucleotides
are still able to code for the amino acid observed in ALPL
(glycine) while still maintaining the ESE (Figure 2).

Irrespective of how the genes evolved, the implication of
the double purpose of the coding sequence on gene evolu-
tion is clear. Sequences need to comply with two possibly
conflicting functions: the requirement to maintain the exon
included in the mature mRNA and the selection of sequence
variants that encode amino acids altering enzyme perfor-
mance. With the splicing-driven selective pressure preceding
the protein function selection as a precondition for its trans-
lation (7), we can conclude that the protein activity may not
be as optimal as possible. Indeed, our results for the first
time show that genomic variations coding for amino acidic
substitution may be constrained at splicing level first in or-
der to be included in the messenger and only then confer
particular characteristics to protein performance.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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